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Abstract
In this paper, a model is proposed to solve the gauge hierarchy problem. Beyond the standard
model, we introduce an extra scalar field that non-minimally couples to gravity. The fundamen-
tal scale is set at weak scale and Planck scale emerges dynamically by a spontaneous symmetry
breaking mechanism.
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Our universe is full of mysteries. One of biggest mysteries is the giant hierarchies among
Planck scale, weak scale and cosmological constant scale.
The first type of hierarchy is the so called gauge hierarchy problem, which requires physics
beyond the standard model at TeV weak scale. The weak scale is given by the VEV of higgs,
which is not natrually stable against radiative correction. If the standard model is valid up
to Planck scale, then the minima of higgs potential will be driven by radiative correction to
Planck scale.
One of possible way to solve the gauge hierarchy problem is to introduce supersymmetry.
Supersymmetry removes the power law divergence of radiative correction and solve the gauge
hierarchy problem, as long as the supersymmetric particles are light enough to satisfy the
Barbieri-Giudice criterion[1]. However, it still leaves the µ problem as an open question:
why the supersymmetric Higgs mass parameter µ is so much smaller than the Planck scale?
On the other hand, so far we haven’t found any evidence of supersymmetry yet.
Another attempt is to consider the higher-dimensions, in which our universe are con-
fined as a brane[2][3][4][5]. For example, in the Randall-Sundrum scenario, the large gauge
hierarchy is generated by the exponential warping geometry along the extra-dimension[5].
However, until now, there isn’t any observational evidence of extra-dimension is reported.
The second type of hierarchy problem is even more profound, which is the so called
cosmological constant problem [6]: why is the energy density of empty space 120 orders of
magnitude smaller than the energy density of Planck scale? Even if we only compare to
the particle physics scale, the hierarchy is still very large, at least 60 orders of magnitude
smaller than several known contributions to it from the Standard Model. Several ideas
have been proposed in attempt to solve the cosmological constant problem, see Weinberg’s
classification in his famous review [6] (for a newer classification, see [7]).
In this paper, we aim at gauge hierarchy problem and propose a possible solution in the
level of effective theory. As we learn from the textbook, the Fermi’s coupling constant in
Fermi’s weak interaction theory is suppressed by the square of mass of W boson. In standard
model, the mass of intermediate W boson is generated by a spontaneous symmetry breaking
mechanism, which causes the Higgs scalar to have non-trivial vacuum expectation value
(VEV). Inspired by this, we propose a new model that setting up our fundamental scale at
weak scale instead of Planck scale. The Planck mass emerges dynamically by the similar
spontaneous symmetry breaking mechanism. Beyond the strandard model, we introduce a
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dilaton type of scalar field non-minimally couples to gravity. The weakness of gravity, or
in other word, the largeness of Planck mass is generated by the non-trivial VEV of dilaton.
Thus the dilaton symmetry is spontaneously broken in this nontrivial vacuum. Our action
could be written down as follows,∫
d4x
√−g
[
M2
2
e2φ/ηR− 1
2
gµν∂µφ∂νφ− λh
(
φ2 − υ2h
)2
−1
2
gµνDµH
†DνH − λv
(| H |2 −υ2v)2 − Λ
]
, (1)
where M is the fundamental scale in 3 + 1 dimensional space-time, φ is the hidden quasi-
dilaton scalar that beyond the standard model, H is the Higgs scalar in standard model,
and Λ is a bare cosmological constant. This theory is closely related to the induced gravity
[8][9][10], wherein one starts with a dynamical spin-2 field coupled to matter sector, and the
gravitational coupling constant is dynamically determinded by matter sector. At low energy
scale, the space time diffeomorphism invariance remains unbroken, and thus the graviton is
still massless in our theory.
To solve the gauge hierarchy problem, we suggest that funamental scale M should be set
at weak scale. Thus a natural choice for parameters η, υh and υv is that η, υh, υv ∼ O (M),
and dimensionless parameters λh, λv . 1. On the other hand, we leave the bare cosmological
constant as a general parameter for the time being.
Suppose that our early universe started from a quantum era, with scalar field dispersion
〈φ2〉 > υ2h. In this epoch, scalar field couldn’t feel the lump in the potential, and the
hierarchy was small at that time. As the universe expands, the scalar dispersion goes down,
and scalar field starts to roll down to one of its non-trivial vacua. We assume that our
universe lives in the positive vacuum φ ≃ +υh, in which the large hierarchy was generated.
We properly tune the parameters υh/η ≃ 35 such that
Meffpl =Me
υ/η ≃M · 1015, (2)
and thus the induced gravitational coupling constant is consistent with our observations
nowaday.
In the standard model, the radiative correction drives Higgs mass up to Planck scale, if
we assume that standard model is valid up to Planck scale. In contrary to what happening in
standard model, when the energy scale reaches the weak scale in our theory, the symmetry
restores since the scalar field φ receives a temperature induced mass T 2φ2. The VEV of
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scalar field vanishes 〈φ〉 ≃ 0 and the Planck scale is lowered down to the weak scale. Since
the Planck scale and weak scale are degenerate, which implies the strong coupling between
gravity sector and matter sector. Quantum gravity effect also becomes important and our
effective field theory breaks down above the weak scale.
Thus we argue that the radiative correction to Higgs mass should be cut off at the weak
scale in our model. It is worth to notice that the way we solve the gauge hierarchy problem
is a bit similar to the Randall-Sundrum scenario [5], wherein the fundamental scale on our
brane world is set at weak scale due to the warp geometry.
It is straightforward to derive the Einstein equations from our action eq.(1). Noted that
δR = δgµνRµν + gµνδRµν . (3)
In general relativity (GR), the second term on the right hand side of the above equation
yields to a total divergence and thus doesn’t affect the equation of motion. Here, however,
this term must be kept due to the non-minimal coupling between scalar field φ and gravity.
After taking this term into account, the modified Einstein equations read,
M2e2φ/η
(
Rµν − 1
2
gµνR
)
+M2
[(
e2φ/η
);λ
;λ
gµν − (e2φ/η);µ;ν] + Λgµν = T µνm + T µνφ , (4)
where ; denotes the covariant deriative and T µνm is the energy momentum tensor of our
matter sector, which includes the standard model matter and dark matter. T µνφ is the
energy momentum tensor for scalar field φ,
T µνφ = ∂
µφ∂νφ− gµν
[
1
2
gαβ∂αφ∂βφ+ V (φ)
]
. (5)
By taking the variation of the action with respect to scalar φ, the equation of motion
reads
gµν∇µ∇νφ− ∂V (φ)
∂φ
+
M2
η
e2φ/ηR = 0, (6)
provided that there is no direct coupling between scalar field φ and standard model fields.
If the scalar field φ directly couples to standard model fields, then the right hand side of
this equation shuld be replaced by δLsm/δφ− ∂µ (δLsm/δ∂µφ).
As a self-consistency check, let’s see if the hidden quasi-dilaton scalar is indeed trapped
and stablized around the vacuum φ ≃ υh during late time cosmic era. According to the
equation of motion, at the local minimum we have
4λh
(
φ2 − υ2h
)
φ− M
2
η
e2φ/ηR = 0 . (7)
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In the above equation, we have assumed that during late time epoch the cosmological con-
stant is dominant andR takes a constant value and thus the scalar field φ has already settled
down at somewhere
φ = υh + δ , (8)
where δ is a small deviation from the vacuum φ = υh. Up to the leading order, the eq.(7)
could be approximately rewritten as
8λhυ
2
hδ ≃
M2
η
e2υh/ηR. (9)
During late time epoch, Einstein equations tell us
M2e2υh/ηR ≃ 4Λ, (10)
thus we have
δ ≃ Λ
2λhηυ2h
. (11)
As long as the bare cosmological constant satisfies the condition,
Λ≪ λhηυ3h, (12)
the deviation from the vacuum φ ≃ υh is always very small, i.e. δ ≪ υh. Even if we include
the direct coupling between scalar φ and standard model fields, δ ≪ υh still holds as long
as the coupling is weak enough.
The non-minimal coupling between scalar field φ and gravity generally leads to the viola-
tion of equivalence principle. However, at low energy scale, the scalar field φ is well-trapped
at the bottom of potential and thus it is very hard to distinguish between our model and
GR. The distinguishable consequences are more likely to appear around or above weak scale
in collider. The mass scale of the new particle associated with this hidden scalar field φ is
also about TeV scale, provided that 35η ≃ υh ∼ O(M), and λ . 1. Such scale is detectable
even at LHC.
Another channel to find the observational signal is to follow the universe backwards in
time. If we trace back the cosmic expansion history, we would expect a non-negiligible
deviation from the vacuum φ = υh, due to the higher energy scale at the early time. The
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shifting of vacuum leads to the running of Newtonian constant, which could be roughly
evaluated in terms of the variation per Hubble time,
ǫg ≡ G˙
HG
= − M˙pl
HMpl
= − 2φ˙
Hη
≃ 2∆φ
η
, (13)
where ∆φ is the scalar field’s excursion in one Hubble time. This excursion arises from
two effects, one is the time dependence of Ricci scalar term in the eq.(6), the other is
the temperature induced mass term T 2φ2. According to the eq. (7), the former could be
estimated as
ǫg ∼ ∆φ
η
∼ M
2e2φ/ηR
λυ2hη
2
∼ ρm
M4
, (14)
where ρm is the energy density of cold pressureless matter (assuming that cosmological
constant term is negligible at that time). During matter dominant epoch, this variation
in G is completely negligible since the ρm ≪ M4. On the other hand, this variation even
vanishes during the radiation dominant epoch since the Ricci scalar becomes zero. The
second source of scalar field’s excursion is the temperature induced mass T 2φ2. The local
minima of scalar potential satisfies
4λh
(
φ2min − υ2h
)
φmin + cT
2φmin = 0. (15)
Up to a good approximation, let’s equate the excursion of scalar field with the shifting of
local minima φmin,
φ2min = υ
2
h −
cT 2
4λh
. (16)
In the case with low temperature T ≪ υh ∼M , we have
ǫg ∼ ∆φmin
η
∼ cT∆T
λυhη
∼ T∆T
M2
, (17)
where ∆T is the temperature variation during one Hubble time at radiation dominant epoch,
and it takes negative value since temperature goes down as universe expands. We can see
that such variation in G could be non-negligible when T is not too small comparing to the
weak scale.
In the case with high temperture cT
2
4λh
> υ2h, there is only one minimum in the potential,
which φmin = 0. As we discussed before, in this case our system strongly coupled and
effective field theory breaks down.
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To have a better understanding in our theory, let’s transform our action into Einstein
frame, by doing such Weyl rescaling
gµν = g˜µνe
−2φ/η |φ=υh+φ˜ . (18)
Up to leading order, the action could be rewritten as∫
d4x
√
−g˜
[
M2
2
R˜ (g˜)− 1
2
g˜µν∂µφ˜
c∂νφ˜
c − 4λυ2he−2υh/ηφ˜c2 − ...
−1
2
g˜µνDµH
c†DνH
c − λv
(| Hc |2 −e−2υh/ηυ2v)2 − Λe−4υk/η
]
, (19)
where φc and Hc are canonical normalized Higgs scalars,
φ˜c ≡ φ˜e−υh/η,
Hc ≡ He−υh/η, (20)
and dots stand for the higher order terms in φ˜c, which is irrelevant at the low energy scale.
Please notice that the new symmetry breaking scale now is set by
υv → υve−υh/η, (21)
and TeV scale is generated if we choose parameters υh/η ≃ 35. This result is completely
general, any mass parameter in the standard model receives such exponentially suppression,
m→ me−υh/η. (22)
On the other hand, one could read from the action (19) that bare cosmological constant
also receives a large exponential suppression factor,
Λeff = Λe
−4υk/η ≃ Λ · 10−60. (23)
So the cosmological constant problem is more or less alleviated in our model. Of course we
may still need another 60 orders of magnitude to solve it. Nevertheless, noted that if the
bare cosmological constant is set at Λ ∼M4 ·10−60 ∼ (TeV )4, then the effective cosmological
constant will be the same order as the one we observe nowaday, and accelerates our cosmic
expansion. Indubitability, it is extremally interesting to ask what kind of physics could play
the role of cosmological constant at such scale.
Let’s also mention several previous related works. In ref. [11], a dark energy cosmology
model was proposed in the modified Gauss-Bonnet gravity, the connection between gauge
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hierarchy problem and Gauss-Bonnet gravity was also discussed in their paper. See ref. [12]
for another example in the same framework of higher-order modifed gravity. See also ref.
[13] for another possible solution in the framework of Jordan-Brans-Dicke theory. In our
case, at low energy scale our theory is just usual standard model and GR. The violation of
equivalence principle and some other quantum gravity effects appear around TeV scale.
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